Background. Noninvasively differentiating therapy-induced pseudoprogression from recurrent disease in patients with glioblastoma is prospectively difficult due to the current lack of a biologically specific imaging metric. Ferumoxytol iron oxide nanoparticle MRI contrast characterizes innate immunity mediated neuroinflammation; therefore, we hypothesized that combined ferumoxytol and gadolinium enhanced MRI could serve as a biomarker of glioblastoma pseudoprogression. Methods. In this institutional review board-approved, retrospective study, we analyzed ferumoxytol and gadolinium contrast enhanced T1-weighted 3T MRI in 45 patients with glioblastoma over multiple clinical timepoints. Isocitrate dehydrogenase 1 (IDH-1) mutational status was characterized by exome sequencing. Sum of products diameter measurements were calculated according to Response Assessment in Neuro-Oncology criteria from both gadolinium and ferumoxytol enhanced sequences. Enhancement mismatch was calculated as the natural log of the ferumoxytol to gadolinium sum of products diameter ratio. Analysis of variance and Student's t-test assessed differences in mismatch ratios. P-value <0.05 indicated statistical significance. Results. With the development of pseudoprogression we observed a significantly elevated mismatch ratio compared with disease recurrence (P < 0.01) within IDH-1 wild type patients. Patients with IDH-1 mutation demonstrated significantly reduced mismatch ratio with the development of pseudoprogression compared with disease recurrence (P < 0.01). Receiver operator curve analysis demonstrated 100% sensitivity and specificity for the use of mismatch ratios as a diagnostic biomarker of pseudoprogression. Conclusion. Our study suggests that ferumoxytol to gadolinium contrast mismatch ratios are an MRI biomarker for the diagnosis of pseudoprogression in patients with glioblastoma. This may be due to the unique characterization of therapy-induced neuroinflammation.
The first-line treatment for patients with newly diagnosed glioblastoma is maximal safe resection followed by temozolomide-based chemoradiotherapy (CRT). [1] [2] [3] [4] [5] [6] [7] In some patients with glioblastoma, CRT leads to transiently increased volumes of contrast enhancement within the radiation field (pseudoprogression) on serial gadolinium enhanced T1-weighted MRI examinations (Gd-MRI). [8] [9] [10] [11] [12] [13] The development of pseudoprogression is clinically relevant, as unlike patients with true disease recurrence, these patients will resolve their enhancing lesion without intervention and experience longer survival. 14 The etiology of pseudoprogression is hypothesized to be CRT mediated neuroinflammation. [8] [9] [10] [11] At the cellular level, methylation of the DNA repair enzyme O 6 -methylguanine-DNA methyltransferase (MGMT) promoter and mutated forms of the isocitrate dehydrogenase 1 (IDH-1) protein may contribute to development of pseudoprogression, albeit through different mechanisms. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] There is currently no clinically validated, biologically specific imaging biomarker that can differentiate neuroinflammation-mediated pseudoprogression from disease recurrence. 28 Serial Gd-MRI is clinically utilized to assess therapeutic response. The Response Assessment in NeuroOncology (RANO) Working Group has suggested the use of sum of products diameter (SPD) measurements as a biomarker of therapy response. 13 However, gadolinium SPD cannot reliably differentiate between the 2 phenomena, as apparent recurrent disease (a 25% increase in the Gd-MRI SPD) has been shown to represent pseudoprogression in up to 64% of cases. [8] [9] [10] [11] [12] [13] This nonspecificity is due to the leakage of gadolinium through the disrupted neurovascular unit and subsequent enhancement within both the treated tumor interstia and inflamed neuropial compartments. [28] [29] [30] [31] [32] This makes prospectively diagnosing pseudoprogression nearly impossible with T1-weighted Gd-MRI. Previous investigators have developed perfusion Gd-MRI (cerebral blood volume [CBV] ) and amino acid PET techniques that improve upon the limitations of T1-weighted Gd-MRI and provide quantifiable diagnostic measures of pseudoprogression. Clinical trials assessing diagnostic capabilities and clinical utility are currently underway. 33 Preclinical models of brain tumor associated neuroinflammation have shown great promise for localizing sites of activated innate immunity with ferumoxytol contrast enhanced MRI (Fe-MRI). 34 Ferumoxytol is an ultrasmall superparamagnetic iron oxide nanoparticle that is FDA approved for iron replacement therapy and can be used off-label as an MRI contrast agent. 35 Like gadolinium, ferumoxytol shortens proton relaxation times, causing measurable signal changes on T1-weighted MRI 24 hours following intravenous administration (delayed phase). [34] [35] [36] [37] Ferumoxytol is phagocytosed by tumor-associated macrophages (TAMs), which are known to infiltrate the tumor microenvironment during neuroinflammation. 34 Therefore, we hypothesized that the addition of 24-hour delayed phase Fe-MRI to standard of care gadolinium sequences could serve as a biomarker of neuroinflammation-mediated pseudoprogression.
The aim of this retrospective study was to determine whether the mismatch of the Gd-MRI T1 enhancement, a proxy for blood-brain barrier disruption, and the Fe-MRI T1 enhancement, a proxy for the concentration of inflammatory infiltrate, can better determine glioblastoma treatment outcome. We show that combined Fe-and Gd-MRI can uniquely identify the development of neuroinflammation-mediated pseudoprogression. Unlike RANOrecommended SPD measurements alone, the mismatch ratio of ferumoxytol to gadolinium enhancement SPD is diagnostic of pseudoprogression in both IDH-1 mutated and wild type glioblastoma as well as in nonmethylated MGMT promoter tumors.
Materials and Methods

Patient Population
This retrospective, institutional review board approved study included the following inclusion criteria: (i) histologically confirmed diagnosis of glioblastoma (World Health Organization classification grade IV), (ii) documentation of IDH-1 mutational status (R132H), (iii) a Karnofsky performance score >50, (iv) Gd-MRI within 72 hours prior to Fe-MRI at least once during the course of therapy, and (v) at least one instance of 24 hours delayed T1-weighted Fe-MRI. Using these inclusion criteria, we identified 45 patients who were studied at our institution between January 2012 and January 2017 (34 males, 12 females; mean age 56 ± 14 y). All patient Gd-and Fe-MRI examinations were classified as having occurred at 1 of 5 clinically relevant timepoints: preoperative = MRI examination occurred prior to surgical resection; postoperative = MRI examination occurred after maximally safe surgical resection but prior to radiation therapy; postradiation = MRI examination occurred within 3 months following the last date of radiation therapy; follow-up = MRI examination occurred more than 3 months following last date of radiation therapy but before development of progressive gadolinium contrast enhancement concerning for disease progression per RANO criteria; and
Importance of the study
The findings of this retrospective study suggest that ferumoxytol and gadolinium contrast enhanced MRI mismatch ratio improves upon the diagnostic capability for differentiating pseudoprogression from disease recurrence in patients with IDH-1 wild type and mutated glioblastoma following temozolomide-based chemoradiotherapy. Image guided tissue sampling suggests that dual contrast mismatch may localize activated innate immunity within the tumor microenvironment. Future studies will determine if dual contrast MRI provides a biologically specific measure for the assessment of glioblastoma response to standard of care therapy.
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disease progression according to RANO criteria. At time of disease progression patients were either diagnosed as disease recurrence = progression of disease according to tissue histological analysis or patient clinical status and RANO criteria or pseudoprogression = according to RANO criteria established by serial follow-up Gd-MRI.
The retrospective nature precluded longitudinal Fe-enhanced MRI through the course of therapy. As such, all imaging data were taken to be cross-sectional. Of the 45 patients studied (39 IDH wild type, 6 with IDH mutation), 42 patients had Gd-and Fe-MRI performed at the time of disease progression (disease recurrence or pseudoprogression) in addition to earlier timepoints. The 3 patients without Gd-and Fe-MRI at time of disease progression all belonged to the IDH wild type cohort. Two of these patients had Gd-and Fe-MRI performed sequentially only at the preoperative, postoperative, postradiation, and follow-up timepoints, and 1 of these patients had Gd-and Fe-MRI only at the postoperative timepoint. None of the patients who met the inclusion criteria were excluded from analysis. MGMT status was noted when available. All patients underwent standard of care maximal safe resection followed by CRT. 2, 3 Adjuvant radiotherapy consisted of 60 Gy in 2-Gy fractions or 40 Gy in 2.67-Gy fractions delivered using 3D conformal technique, intensity modulated radiotherapy, or volumetric modulated arc therapy concurrent with adjuvant temozolomide.
Review of the medical record established the diagnosis of disease recurrence or pseudoprogression for all 42 patients with Gd-and Fe-MRI at the time of disease progression. Seven patients underwent standard of care re-resection at the time of disease progression to establish disease status via histological analysis. All 7 of these patients (all IDH wild type) were diagnosed with disease recurrence. The remaining 35 patients had the diagnosis of either pseudoprogression or disease recurrence established by the integration of patient clinical course and serial Gd-MRI.
MRI Protocol
All patients underwent 3T MRI examinations using one of 2 imaging protocols (Fig. 1) . Imaging protocol #1 (21 patients) entailed MRI on 3 consecutive days. In imaging protocol #2 (24 patients), MRI was performed on 2 consecutive days. Spin-echo T1-weighted images (repetition time/echo time = 900 ms/10 ms; field of view = 180 × 240 mm; imaging matrix = 192 × 256; axial slices = 44 contiguous 1 mm 2 thick; in-plane resolution = 0.9375 × 0.9375 mm 2 ) were acquired pre-and post-gadoteridol gadolinium chelate administration (0.1 mmol/kg; ProHance, Bracco Diagnostic) and ferumoxytol (Feraheme, provided free of charge by AMAG Pharmaceuticals), which was given over 20 min at a dose of up to 510 mg diluted to a final volume of 34 mL in normal saline. T1-weighted images were acquired 24 hours after i.v. ferumoxytol administration in order to visualize delayed enhancement. All imaging timepoints were completed on the same MRI instrument for each participant.
MRI Analysis
All data were acquired (J.F. and C.V., with more than 10 years experience), processed (R.B. and D.S., with more than 10 years experience), and analyzed (R.B., B.H., and D.P., with more than 10 years experience) using a standardized protocol for calculating enhancement measurements. Three attending radiologists with an American Board of Radiology certificate-added qualification in neuroradiology (R.B., B.H., and D.P.) were blinded to all clinical information, including treatment status and molecular profile status at the time of image analysis. R.B. first measured SPD on both the gadolinium and the ferumoxytol enhanced T1-weighted MRI. B.H. and D.P. subsequently and independently reviewed measurements made by R.B. and either agreed with the measurement or disagreed, in which case they made their own independent measurement. All measurements were made according to RANO criteria using commercially available software (IMPAX 6.5.5; Agfa Corporation) ( Fig. 2A) . Intraclass correlation coefficients (ICCs) (2,1) were calculated separately for gadolinium and ferumoxytol enhanced SPD measurements across the 3 raters.
Statistical Analysis
Contrast enhancement mismatch was calculated as the natural log (Ln) of the ratio of the 24-hour delayed phase ferumoxytol enhancement SPD to gadolinium SPD. The natural log was used so that nonlinearities in ratio variables could be linearized such that the ratios are equidistant and the dependent variable is not weighted in favor of the denominator. For example, the ratios of 5/2 and 2/5 are not equidistant from one until the natural log is performed [Ln(5/2) = 0. 2 Representative example of ferumoxytol (Fe, left) and gadolinium (Gd, middle) SPD measurement (A) and graph of mean natural log ratio measurements (B) categorized by final disease status and IDH-1 mutational status. (A) Sum of products diameter (SPD) was calculated for 24-hour delayed ferumoxytol enhanced phase (left image) and gadolinium enhanced (middle image) T1-weighted images; SPD = A1 × B1 at maximal site of enhancement according to RANO guidelines. Contrast enhancement mismatch was calculated as the natural log ratio of SPDFe/SPDGd. For statistical analysis, the natural log of the enhancement mismatch ratio was used so that nonlinearities in ratio variables could be linearized such that the ratios are equidistant and the dependent variable is not weighted in favor of the denominator. For illustrative purposes; fused imaged overlay (ferumoxytol enhancing region, pink; gadolinium enhancing region, green; enhancing overlap, gray; right image) demonstrates the degree of ferumoxytol/gadolinium mismatch in an IDH-1 wild type patient with pseudoprogression. (B) Box plot of cohort enhancement mismatch values as the ratio categorized by final disease status (disease recurrence or pseudoprogression) and IDH-1 mutational status demonstrates contrast enhancement mismatch ratio was found to be significantly different at all posttherapy timepoints when assessed by ANOVA (***denotes statistical significance). Significantly elevated enhancement mismatch ratios were observed in patients with recurrent IDH-1 wild type glioblastoma compared with patients with recurrent IDH-1 mutated glioblastoma (0.13 ± 0.17 vs −0.05 ± 0.09, P = 0.04). Additionally, IDH-1 wild type pseudoprogression was significantly elevated compared with IDH-1 wild type recurrent disease (0.82 ± 0.15 vs 0.13 ± 0.17, P < 0.01).
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was calculated from the initiation of treatment until death. Survival analysis was performed using a log-rank test. P-value <0.05 was considered to indicate a statistically significant difference in all tests.
Results
Comparison of Contrast Enhancement Mismatch by IDH-1 Mutation and Disease Status
Within the IDH-1 wild type cohort, the contrast enhancement mismatch was significantly elevated at time of pseudoprogression [mean ± SD (0.82 ± 0.15) (natural log ratio; please note that Ln(1) = 0, Ln(2) = 0.69, and Ln(3) = 1.10)]; relative to disease recurrence (0.13 ± 0.17; P < 0.01; Fig. 2B ). Enhancement mismatch was significantly reduced in pseudoprogression patients with IDH mutation (−1.06 ± 0.19) compared with patients with IDH mutated disease recurrence (−0.05 ± 0.10; P < 0.01; Supplementary Figure 1 ). Contrast enhancement mismatch was significantly elevated in patients with IDH-1 wild type glioblastoma at all posttherapy timepoints compared with patients with IDH-1 mutation (Table 1 ; P < 0.05). A 2-way ANOVA on contrast enhancement mismatch was performed with IDH-1 and disease status as independent variables. The main effects of IDH-1 status and disease status were both significant ([F(degree of freedom)]: F(1,38) = 197.3 and 5.6, P < 0.001 and .03, respectively. Importantly, the interaction effect of IDH-1 status × disease status was statistically significant, F(1,38) = 135.7, P < 0.001. There was no significant difference in gadolinium or ferumoxytol SPD when categorized by IDH-1 status, disease status, imaging timepoint, or as a cohort.
Comparison of Contrast Enhancement Mismatch by Clinically Relevant MRI Timepoints and Disease Status
Contrast enhancement mismatch increased significantly at the time of pseudoprogression (0.81 ± 0.15) relative to prior imaging timepoints in IDH-1 wild type patients (0.01 ± 0.17; P < 0.01; Fig. 3A) . In IDH-1 mutated patients, there was a trend toward decreased mismatch values in patients who developed pseudoprogression compared with prior imaging timepoints. However, this difference did not reach statistical significance (P = 0.051). A difference from baseline was not observed to be statistically significant in patients with disease recurrence.
Comparison of Contrast Enhancement Mismatch by MGMT Promoter Methylation and Disease Status
Twenty-three patients were found to have MGMT promoter methylation and 22 patients were found to have a nonmethylated MGMT promoter. Patients with nonmethylated MGMT promoter who developed pseudoprogression (N = 9, mismatch = 0.64 ± 0.6) demonstrated significantly increased contrast enhancement mismatch compared with patients with nonmethylated MGMT recurrent disease (N = 16, 0.14 ± 0.14; P = 0.04). No significant difference between contrast enhancement mismatch was observed in patients with methylated MGMT promoter. Additionally, there were no significant differences in contrast enhancement mismatch or SPD between methylated and nonmethylated MGMT promoter groups at any of the other imaging timepoints.
Diagnostic Utility of Contrast Enhancement Mismatch and Clinical Outcomes
Receiver operating characteristic curve analysis identified contrast enhancement mismatch threshold values of 0.56 for IDH-1 wild type and −0.89 for IDH-1 mutated patients as optimal cutoff values for the diagnosis of pseudoprogression (100% sensitivity and specificity in this cohort). The positive and negative predictive values for the diagnosis of pseudoprogression were 100% using the threshold values. Survival analysis for the entire cohort demonstrated Note: Reported values are the natural log ratio of SPD, ferumoxytol to gadolinium mismatch. Note that Ln(1) = 0, Ln(2) = 0.69, and Ln(3) = 1.10. Positive value reflects increased ratio from zero. Negative value reflects decreased ratio from zero. Wild type = no mutation detected; mutated = mutation detected; preoperative = MRI examination occurred prior to surgical resection; postoperative = MRI examination occurred after maximally safe surgical resection but prior to radiation therapy; postradiation = MRI examination occurred within 3 months following last date of radiation therapy; follow-up = MRI examination occurred more than 3 months following last date of radiation therapy but before disease status was diagnosed; disease recurrence = progression of disease defined by RANO criteria or histological sampling; pseudoprogression = lesion with subsequent resolution of enhancing focus; resolving pseudoprogression = MRI examination occurred following diagnosis of pseudoprogression. Example: Difference between e x SPD ferumoxytol/gadolinium mismatch of 0.82 and −1.1 would be 1.92, which is an absolute difference of 682%.
that patients with pseudoprogression demonstrated significantly prolonged overall survival (20.0 ± 10.2 mo) compared with those with recurrent disease (15.9 ± 10.1 mo; Z = 2.01, P = 0.04) (Fig. 3B ).
Histopathological Observations
Standard of care stereotactic tissue sampling was performed in 3 patients with IDH-1 wild type glioblastoma (1 patient with newly diagnosed disease and 2 patients with recurrent disease) to facilitate diagnosis. Tissue sampling sites were categorized by the presence of ferumoxytol or gadolinium enhancement on T1-weighted imaging. Sites with only ferumoxytol enhancement were characterized by activated microglia and low cellularity infiltrative tumor (newly diagnosed disease) or CRT-induced changes evidenced by widespread vascular hyalinization with scattered macrophages in the absence of viable tumor (disease recurrence) (Fig. 4) . Dual contrast enhancing sites demonstrated highly cellular tumor with microvascular proliferation and epithelioid TAM which appeared similar between patients with newly diagnosed and recurrent disease. 
Discussion
In this retrospective study, we investigated whether the use of ferumoxytol and gadolinium contrast enhancement mismatch ratios on T1-weighted MRI could identify 
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the development of neuroinflammation-mediated pseudoprogression in patients with glioblastoma. Our results suggest that the SPD ratio of ferumoxytol to gadolinium enhancement, and not simply the SPD measurement of either contrast agent alone, is a sensitive and specific biomarker capable of distinguishing pseudoprogression from disease recurrence in patients with glioblastoma. Taken together, these findings suggest that combined Feand Gd-MRI characterizes glioblastoma CRT-induced neuroinflammation. If prospectively validated, this imaging paradigm has the immediate potential to impact treatment response assessment, timing of therapy, and method of disease monitoring. Furthermore, this noninvasive imaging methodology could potentially affect the clinical outcome of patients with glioblastoma by improving endpoint specificity in clinical trials by correctly differentiating pseudoprogression from disease recurrence.
Our study suggests the diagnostic utility of ferumoxytol to gadolinium contrast enhancement mismatch ratio in the evaluation of glioblastoma response to CRT. Surgical tissue sampling or watchful waiting for the reduction of enhancement on follow-up Gd-MRI is the current standard of care. [38] [39] [40] [41] Tissue sampling is fraught with sampling errors and inconsistent diagnostic criteria. 39 Great strides have been made to overcome the limitations of T1-weighted Gd-MRI by developing perfusion Gd-MRI (CBV) and amino acid PET techniques as quantifiable diagnostic measures of pseudoprogression. The scientific premise for the use of these imaging characteristics is that microvascular proliferation (CBV) and tissue protein synthesis rates (amino acid PET) are better quantifiable metrics of pseudoprogression than the subjective assessment of vascular leakiness (Gd-T1 weighted enhancement . Regions of ferumoxytol contrast enhancement and gadolinium noncontrast enhancement (NCE) were observed in patients with newly diagnosed glioblastoma (top) and disease recurrence (middle). Ferumoxytol-only enhancing regions in patients with newly diagnosed IDH-1 wild type glioblastoma demonstrated infiltrating glioma with low cellularity, delicate vasculature, and activated microglia (white arrows; brown staining Iba-1 cells). Ferumoxytol-only enhancing regions in patients with recurrent IDH-1 wild type glioblastoma demonstrated therapeutic changes evidenced by widespread vascular hyalinization (white arrow head) with scattered macrophages without evidence of viable tumor. Dual contrast enhancing sites (bottom row) appeared biologically similar in the newly diagnosed and disease recurrence setting being characterized by highly cellular tumor with microvascular proliferation (black arrow head) and TAMs with an epithelioid appearance (black arrow).
0.88 and specificity of 0.77 for Gd-MRI CBV to differentiate recurrent glioblastoma from pseudoprogression. 42 Galldiks et al have explored the use of dynamic and static O-(2-[18F]fluoroethyl)-L-tyrosine (FET) PET imaging in 124 patients with glioma (33 glioblastoma at time of first recurrence) with concern for disease progression according to RANO criteria. Individual metric analysis yielded moderate sensitivity (68% to 82%) and high specificity (73% to 100%). A combined dynamic and static metric analysis showed improved diagnostic capabilities (sensitivity of 93% and specificity of 100%). 43 Dynamic susceptibility contrast (DSC) perfusion and amino acid PET imaging techniques do provide improved diagnostic capabilities compared with T1-weighted Gd-enhanced MRI. 32 However, there are significant technical and biological limitations. From a technical perspective, amino acid PET and Gd-DSC perfusion can be challenging to clinically implement due to postprocessing demands (time-consuming dynamic PET metric analysis and need for leakage correction for DSC CBV calculation). Furthermore, susceptibility artifacts that arise from tumor location (air-bone interface) or intrinsic blood products often limit the clinical utility. Finally, biologically mediated limitations include the overlap in metabolic characteristics within both pseudoprogression and tumor regrowth when assessed by Gd-CBV and amino acid PET. The persistent diagnostic inaccuracy of these advanced imaging techniques is likely a result of not specifically characterizing the biological process by which pseudoprogression develops: innate immune mediated neuroinflammation. Our results suggest that the use of ferumoxytol with gadolinium contrast enhancement mismatch ratio may improve upon current imaging techniques as a biomarker of therapy mediated neuroinflammation, thereby providing additional diagnostic information that is useful in differentiating glioblastoma recurrence from pseudoprogression. The preliminary histological observations of our study suggest that activation of innate immunity may play a role in the degree of observed contrast enhancement mismatch. This finding is consistent with prior preclinical observations by McConnell et al. 34 Tissue samples obtained from regions of only ferumoxytol enhancement demonstrated activated microglia and/or TAMs in a background of treatment-related vascular hyalinization without evidence of viable tumor. The current pathophysiological understanding of pseudoprogression is that the phenomenon is CRT induced and neuroinflammatory in etiology with recruitment of TAMs to the tumor and surrounding tissue. [44] [45] [46] [47] [48] Thus, an imaging biomarker of TAM accumulation, such as ferumoxytol, may be better suited to localizing pseudoprogression than gadolinium contrast alone. As such, the mismatch ratio of ferumoxytol and gadolinium enhancement observed in our study is hypothesized to be a marker of innate immune activation.
Our results suggest that the innate immunological response mechanism to CRT may vary by IDH-1 mutational status. 47 The observed differences in enhancement mismatch may suggest that the immunological response mechanisms vary by IDH-1 mutational status. As a Krebs cycle enzyme, IDH-1 functions in the oxidative carboxylation of isocitrate to create α-ketoglutarate via reduction of NADPH. 18 The production of NADPH is necessary for the regeneration of reduced glutathione, a key cellular antioxidant essential for the phagocytic activity of antigen presenting cells such as macrophages, among other immune system functions. 49, 50 In IDH-1 mutants, a reduction in glutathione content may result in less TAM phagocytosis and ferumoxytol uptake. Additionally, as α-ketoglutarate levels decrease, hypoxia-inducible factor 1 is less effectively degraded, resulting in a decrease in hypoxia-related TAM infiltration. As such, decreased levels of TAMs that demonstrate functionally reduced ability for phagocytosis within IDH-1 mutant glioblastoma undergoing pseudoprogression may account for the markedly decreased mismatch ratios that we observed, although this is entirely speculative.
This study has several important limitations. First, our small sample size and the retrospective nature of our study caution against overinterpretation of our findings. Moreover, the mutant IDH-1 group contained only 6 patients. While this number exceeds the proportion of mutant IDH-1 expected in a cohort of this size, it is difficult to infer clinically significant interpretations from such a small sample size. However, due to the limitation of mutant IDH-1 incidence in glioblastoma, we believe that this report is an important first step that will lay the foundation for larger studies. Future prospective investigations should attempt to verify these imaging characteristics within a separate, larger cohort of patients. Second, we recognize that our study is limited by the absence of correlative biological analysis to determine the mechanism for the observed enhancement mismatch differences between patients with IDH-1 wild type and mutated tumors. Nor have we provided definitive histopathologic confirmation of TAM associated neuroinflammation within sites of enhancement mismatch. While TAM mediated neuroinflammation is one proposed mechanism for the observed enhancement mismatch, future validation should include image guided tissue sampling to verify the biological processes accounting for this imaging finding. Finally, our small sample size precluded subgroup survival analysis to determine whether the observed MR imaging characteristics were associated with improved clinical outcomes.
Conclusion
Our study provides early retrospective evidence that glioblastoma pseudoprogression can be diagnosed by the use of both ferumoxytol and gadolinium contrast enhanced MRI. Specifically, patients with IDH-1 wild type nonmethylated MGMT glioblastoma treated with standard of care temozolomide-based CRT develop regions of pseudoprogression specifically characterized by markedly increased ferumoxytol to gadolinium contrast enhancement mismatch.
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